Previous research reported a unique haematological profile in the flightless Kagu (Rhynochetos jubatus). To verify this, we analysed blood of eight wild and four captive Kagu. The haematological profiles of our captive birds resembled those of the previously studied captive Kagu. Haemoglobin concentration, mean corpuscular haemoglobin concentration and mean corpuscular haemoglobin by far exceeded the highest levels recorded for birds. Conversely, the blood profile in wild Kagu fit in the range of other birds. We conclude that blood profiles of captive Kagu indicate a pathology, and that Kagu do not have fundamentally different blood characteristic than other endothermic vertebrates.
Introduction
In vertebrates, red blood cell size and numbers widely vary among species, but the mean haemoglobin concentration is relatively constant in endothermic vertebrates at around 10-22 g/dl (Hawkey et al. 1991, see Table 1 ). However, Vassart (1988) reported an about 50% higher haemoglobin concentration and nearly three times more corpuscular haemoglobin in the flightless Kagu (Rhynochetos jubatus), an endemic bird of New Caledonia, than the highest values in any other bird species. Although the study of Vassart (1988) was based on blood samples taken from only three captive birds, these blood characteristics were so unique among birds, and even among vertebrates, that the information was widely disseminated (e.g. Hunt 1996, https diet and have especially high concentration of chromium in their feathers (Theuerkauf et al. 2015 (Theuerkauf et al. , 2017 . The unique blood profile could, therefore, have been an adaptation to the particular environmental conditions in New Caledonia, where one-third of the land surface is covered with ultramafic soil rich in heavy metals (Becquer et al. 2003) . High levels of haemoglobin packed in relatively few, large cells may theoretically allow Kagu to minimize harmful effects of some elements (like Cr +4 ) on haemoglobin (Tchounwou et al. 2012) . As Vassart (1988) studied exclusively captive Kagu, we analysed the blood parameters of wild and captive Kagu to verify if the unique blood profile is physiological and thus a potential adaptation.
Methods
In December 2017 and February 2018, we collected blood samples from eight wild adult Kagu (three females and five males) living in the Parc des Grandes Fougères (mean annual temperature 20 °C) at altitudes ranging from 300 to 500 m a.s.l. (21° 30-39′ S, 165° 39-50′ E). As the sampled Kagu belonged to a population studied since 2011 by radio tracking and molecular genetics (Theuerkauf et al. 2018 ), we knew their sex and age and could capture them at night roost. Additionally, in January 2019, we collected blood samples from four captive Kagu (two males and two females) of the Parc Zoologique et Forestier in Nouméa (about 50 m a.s.l., average annual temperature 23.5 °C). We took blood samples (0.5 ml, which represents less than 0.1% of body mass and less than 1% of the blood volume of a Kagu) from the medial metatarsal vein with a syringe and transferred the blood to EDTA microtubes. As we took blood samples of wild Kagu at night, we immediately stored them at about 4 °C to avoid morphological and fragility changes in blood cells (Antwi-Baffour 2013). The next day, about 12 h after collection, we brought the sample tubes for analysis to the veterinarian laboratory of New Caledonia (service des Laboratoires officiels vétérinaires, agroalimentaires et phytosanitaires de la Nouvelle-Calédonie, Direction des Affaires Vétérinaires, Alimentaires et Rurales, Païta, New Caledonia), which counted red, white blood cells and thrombocytes (RBC, WBC, PLT), and which measured haemoglobin concentration (HGB) and haematocrit (HCT) using standard procedures (manual count for RBC and WBC, colorimetry for HGB, micro centrifugation for HCT). As we could capture captive Kagu in the daytime, we stored the sample tubes at about 4 °C for only 3 h before analysis (same procedures in the same laboratory as samples of wild Kagu). We calculated mean corpuscular volume (MCV = 1000HCT/RBC), mean corpuscular haemoglobin concentration (MCHC = 10HGB/ HCT) and mean corpuscular haemoglobin (MCH = 10HGB/ HCT).
Results
Captive Kagu in our study had low red blood cell counts and high haemoglobin concentration (Table 1) , but not to the extent of Kagu studied by Vassart (1988) . This led to very high calculated values of mean corpuscular haemoglobin and mean corpuscular haemoglobin concentration. Captive Kagu also had substantially lower leucocyte counts than wild individuals (Table 1) . In wild Kagu, red blood cell counts were higher, whereas haemoglobin levels (HGB, MCHC, MCH) were lower than in captive birds (Table 1) . Mean corpuscular haemoglobin and mean corpuscular haemoglobin concentration in wild Kagu were within the range of other bird species, but haemoglobin concentration was slightly higher than the highest recorded in birds (Table 1) . No Kagu had haemoparasites.
Discussion
Blood profiles of captive Kagu in our study were intermediate between those of wild Kagu and captive Kagu studied by Vassart (1988) although haemoglobin concentration, mean corpuscular haemoglobin and mean corpuscular haemoglobin concentration exceeded (sometimes by far) the highest values recorded for birds. Conversely, the blood profiles of wild Kagu were within the range for birds (see review in Hawkey et al. 1991 in Table 1 ). The unusual blood profile of captive Kagu is, therefore, not an adaptation of the species to the specific environment of New Caledonia but rather has a pathological origin. Especially, the low counts of red and white blood cells in captive birds point at an anaemia. Low red blood cell counts usually co-occur with low haemoglobin concentration (Jones et al. 2002) . However, very high haemoglobin concentration combined with low red blood cell counts could be associated with a haemolytic anaemia, as haemoglobin from destroyed red blood cells would still be present in the plasma, and could be detected by analytical procedures. Although there were no indications of destroyed blood cells during the blood analyses, we cannot exclude the possibility that red blood cells deteriorated in an earlier stage and were, therefore, not detectable during the cell count. Accordingly, the observed unusually high values of mean corpuscular haemoglobin and mean corpuscular haemoglobin concentration in captive Kagu might be artefacts and a by-product of the calculation methods.
The most common causes of macrocytosis and haemolytic anaemia are inadequate diet (especially deficiency of vitamin B12), bone marrow and liver disorders or infections (Shaw et al. 2009 ). The diet of Kagu kept in the Parc Zoologique et Forestier in Nouméa mainly consists of bovine heart and could be the reason for the pathological blood pattern. The low frequency and small volume of defaecation by captive Kagu and the discoloration of their bills and legs that we observed also point at a deficiency in their diet. Further veterinary studies, however, would be necessary for a precise diagnosis of the mechanisms causing the observed blood anomaly.
High, but physiological haemoglobin concentration, haematocrit and red blood cell count are a good proxy for the condition of birds as they correlate with body mass and body fat (Minias 2015) . Therefore, our results imply that wild Kagu were in a better condition than captive birds (Fair et al. 2007) , probably due to more appropriate nutrient contents of the natural diet and more physical exercise associated with foraging. This also complies with the absence of haemoparasites and negligible infestation of endemic blood ectoparasites (Beugnet et al. 1995) that we observed in the studied wild population of Kagu. tial idea to do this study, A. Lorenzo for giving us the opportunity to obtain blood samples of Kagu from the Parc Zoologique et Forestier and M. Bonzon, I. Lach and O. Lallemand for taking blood samples of captive Kagu.
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